INTRODUCTION
Cessation of transcription occurs very rapidly when genotoxic lesions that act as roadblock for RNA polymerases are induced in the template DNA strand (1) (2) (3) (4) . This transcription block is physiologically important since it triggers a specialized transcription-coupled DNA repair (TCR) pathway (5, 6) . Hence the mechanism underlying the establishment of the block and its subsequent release are intensively studied at the present. Reporter proteins can be highly useful to monitor the generation and processing of the transcription-blocking DNA modifications in specific genes. Green fluorescent protein (GFP) is a widely used reporter for gene expression studies because of its bright and stable fluorophore, low toxicity, and ease of quantitative detection without disrupting the cell (7) . Since GFP is very stable in cells (8) , it accumulates to high levels that facilitate detection. At the same time, this high stability makes the protein unsuitable for the tasks when the dynamical changes in gene expression are to be studied.
To overcome this problem, some destabilized variants of fluorescent proteins have been engineered during the last decade. Different groups succeeded in considerably reducing the protein lifetimes by the fusion of natural protein degradation signals. The most promising results were obtained with the use of an ornithine decarboxylase (ODC) prolineglutamate-serine-threonine-rich (PEST) sequence fused to the C terminus of the reporter proteins. The PEST domain is well-known to be responsible for fast proteasomal degradation of ODC in many animal species (9, 10) and commits rapid turnover when transferred to naturally stable proteins (11) . Wild-type GFP has a half-life of about 26 h. However, when PEST-containing sequences from mouse Odc gene were fused to GFP, the protein half-life shortened to 5.5 h in permanent transfection experiments (8) and even 2 h (12) in transiently transfected cells. To accelerate turnover, these proteins were further destabilized with a mouse cyclin B destruction box in addition to the ODC fragment (8) or by engineering of the PEST sequence optimized for the most efficient degradation (12) . Firefly luciferase is intrinsically less stable than GFP and its half-life could be further reduced to somewhat shorter than 1 h by a similar fusion approach (13) . Yet, even when a reporter protein with a sufficiently high clearance rate is used, the stability of its messenger RNA (mRNA) might still interfere with sensitive and fast detection of changes in gene expression. Indeed, improved responses to a transcriptional repressor were achieved with doubledestabilized reporter constructs that contained both protein and RNA decay determinants (14, 15 
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Here, we used an episomal expression vector carrying a strong constitutive promoter and the signal elements for a rapid decay of GFP mRNA and further destabilized the protein by fusion with a mouse ODC fragment. The goal of this work was to create stably transfected cell lines in which reporter protein expression could be monitored in nearly realtime without harmful effects on the host cells. We describe a sufficiently sensitive reporter system to allow the detection of the short-lasting transcription block caused by ultraviolet-C (UVC) in mammalian cells.
MATERIALS AND METHODS

Vectors
pMARS episomal vector (16) contains a modified GFP gene from Aequorea victoria (17) that is expressed under the control of the human cytomegalovirus (CMV) promoter and harbors in its 3′ untranslated region (UTR) a nuclear scaffold/matrix attachment region (MAR) core element from the human interferon gene repeated four times. pMARS vector was linearized by using an available BglII site between the GFP and MAR sequences, and the produced overhangs were filled in with T4 DNA polymerase (New England Biolabs, Frankfurt am Main, Germany) for a subsequent bluntend cloning of the ODC fragment. The 3′ portion of Odc gene exon 10 (Mouse Genome Informatics; accession no. MGI:97402) was produced from mouse genomic DNA by PCR using PfuTurbo ® DNA Polymerase (Stratagene, Amsterdam, The Netherlands). 5′-Phosphorylated primers (Operon, Cologne, Germany) were the following: 5′-TCTCATGAAGCAGATCCAGA-3′ (forward) and 5′-TAGTACTCATCTA CACATTGATCCTAG-3′ (reverse) and amplified the fragment encoding for the 46 C-terminal amino acid residues of ODC. Underlined portions of the oligonucleotides correspond to Odc gene sequence, and bold letters correspond to stop-codons for the two possible insert orientations. PCR products were purified from the agarose gel and ligated into the linearized blunted vector in random orientations. To pick the clones containing the ODC fragment in sense (designated AZ) and antisense (ZA) directions, 30 clones were screened by three-primer PCR with primers: 5′-GACCACTACCAGCAGAACAC-3′ (GFP), 5′-TCTCCTGGGCACAA GACAT-3′ (AZ-ODC), and 5′-GCCTG TGCTTCTGCTAGGAT-3′ (ZA-ODC). After sequencing of selected positive clones, we named them pMAZ-ODC (for the correct in-frame insertion of ODC fragment) and pMZA-ODC (for the inverted ODC fragment, preceded by the PCR-introduced translation stopcodon).
Cell Lines and Clones
HeLa cells were propagated in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum, 2 mM sodium pyruvate, 100 U/mL penicillin, and 100 mg/L streptomycin (all from PAA Laboratories GmbH, Pasching, Austria). Cells were transfected with 800 ng supercoiled pMAZ-ODC and pMZA-ODC plasmids in 6-well plates with the help of Effectene ® (Qiagen, Hilden, Germany). Cells were left for 24-48 h after transfections, then collected, and those expressing GFP were separated by fluorescence-activated cell sorting (FACS) using a BD FACSVantage™ cell sorter (Becton Dickinson, GmbH, Heidelberg, Germany) and plated in the selection medium containing 800 mg/L G418. Single fluorescent clones were identified under a microscope, picked, and expanded under the selection pressure for 4 weeks.
Cell Treatments
α-amanitin was dissolved in sterile water, and all other inhibitors in dimethyl sulfoxide (DMSO). Final concentration of DMSO during the treatments was 0.1%, which by itself had no effect on GFP fluorescence (data not shown). All inhibitors were from Sigma-Aldrich (Taufkirchen, Germany). Appropriate vehicle controls were always included. UVC irradiation was performed in uncovered 6-well culture plates on a black background with a 15 W mercury low-pressure lamp at the dose intensity 0. 
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Flow Cytometry
GFP fluorescence in cells was measured by flow cytometry (FACSCalibur). Cells were formaldehydefixed prior to analyses to avoid any uncontrolled GFP degradation during the sample processing or storage. To this end, cells were detached with trypsin, disaggregated by vigorous mixing with cold medium, washed once with ice-cold Dulbecco's phosphate-buffered saline (DPBS; PAA Laboratories), resuspended in DPBS at 1-2 × 10 6 mL -1 , instantly mixed with equal volume of cold 2% formaldehyde prepared in DPBS, and allowed to fix 12-24 h in the refrigerator. All centrifugation steps were at 250× g. On the next day, the fixed cells were washed with DPBS and analyzed. The fixation procedure had no detectable effect on GFP fluorescence. The FACS instrument was calibrated by the nontransfected HeLa cells. Due to the rapid turnover of destabilized GFP, the majority of cells in pMAZ-transfected clones exhibited very low fluorescence. Therefore, the percentages of highly fluorescent cells, rather than mean fluorescence values, were measured as previously described (12) . The fluorescence threshold was arbitrarily chosen to cut off 99.9% of nontransfected cells (see Results section).
RESULTS
Molecular Constructs
We choose the episomal pMARS vector (16) for expression of a destabilized GFP for the following reasons: (i) this vector is replicated and maintained at a stable number of copies in a variety of mammalian cell lines (16); (ii) the transgene expression cannot be influenced by its integration site in the chromosomal DNA since the vector propagates as an episome (18); and (iii) the strong CMV promoter should ensure sufficient mRNA levels and allow high-detection sensitivity even for a double-destabilized reporter. Finally, the modified GFP transcript from pMARS plasmid contains an AUrich 3′-UTR due to transcription of the MAR sequences (16) . From the DNA sequence, we identified two classes of AU-rich elements (ARE) that are known to promote a rapid decay of variety of human mRNAs (19, 20) . So, the AUUUA pentanucleotide that constitutes class-I ARE is present twice within each of the four MAR elements, (i.e., in eight copies in the 3′-UTR of GFP mRNA) ( Figure  1 ). The same is true for the TTATTT motif that resembles a class-II ARE. In accordance with these observations, the cells transfected with pMARS plasmid had lower levels of GFP expression than those transfected with the equal amounts of pEGFP-C3 vector that had no ARE in the transcript's 3′-UTR (data not shown).
We have constructed two related vectors by cloning the mouse Odc gene fragment in two directions into the BglII site of pMARS. The vector named pMAZ-ODC was designed to provide correct translation of the ODC fragment joined via an SGLRS peptide to the GFP C terminus, so that the whole protein would be targeted to rapid degradation in proteasome. The other vector named pMZA-ODC encoded for stable GFP due to a translation stop-codon introduced before the inverted ODC sequence (Figure 1) . BglII sites were reconstituted at the 5′ end of ODC coding sequence and converted to ScaI sites on the ODC 3′ side by the PCR design, with total insert lengths of 157 bp in each plasmid. Thus, pMAZ-ODC and pMZA-ODC vectors have the same size of 5742 bp and have the same size, direction, and base content of the transcribed regions, as well as the entire 3′ portion of the of GFP transcripts; the ODC insert orientation is the only difference between these plasmids at the molecular level (Figure 1) . 
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Characterization of Permanently Transfected Clones
We analyzed six HeLa clones expressing the stable GFP protein from the pMZA-ODC vector. Five of them had green fluorescence similar to the clone shown in Figure 2 (center panel), and one had weaker fluorescence that was, however, clearly distinguishable from the nontransfected cells (data not shown). Cells transfected with pMAZ-ODC vector generally demonstrated much weaker fluorescence. This was attributed to rapid degradation of GFP-ODC fusion protein in the proteasome, since fluorescence could be saved by treatment with proteasome inhibitor MG115 (Figure 2, bottom panel) . MG115 treatment was therefore used to pick the stably transfected clones that retained the GFP construct. Regretfully, in the absence of proteasome inhibition, most of the selected clones showed very low green fluorescence or were not fluorescent at all. Of 25 screened clones, only three showed distinct fluorescence levels when compared with nontransfected cells. In the selected clones, green fluorescence was stably maintained for at least 45 rounds of cell division after the removal of selection pressure (data not shown). Longer times were not tested.
Comparative Stability Analyses of the Reporter Proteins
To measure the degradation rate of destabilized GFP, we inhibited protein synthesis in the cells with cycloheximide. All three pMAZ-ODC-transfected clones that initially had sizeable GFP levels now demonstrated rapid kinetics of GFP decay manifested as drastic reduction of GFP fluorescence already within the first hour. The fluorescence disappeared completely between 1 and 2 h of cycloheximide treatment ( Figure 3A) . A similarly rapid GFP degradation seemed to occur in other MAZ-ODC clones, although this could not be so clearly documented due to the low-fluorescence signal of these cells (a clone is shown with closed squares in Figure 3A) .
When the same fluorescence threshold was applied to MZA-ODC cells that express GFP with unaltered stability, we reproducibly found >97% cells with high fluorescence levels ( Figure 2 ). Cycloheximide neither affected the percentage of fluorescent cells, nor did it induce any noteworthy decrease in their mean fluorescence intensity (data not shown). To exclude any possible artifact due to the threshold selection, we then applied an equivalent threshold fluorescence level to the MZA-ODC cell line (note the left margin of the region M2 in Figure 2 ). It delimited 16%-20% of the brightest fluorescent cells, as in case of the MAZ-ODC cell line. Such analysis setup enabled a direct comparison between the cell lines ( Figure 3) . As previously described, we did not detect any significant decay of the stable GFP protein (no ODC fusion) over 4 h of cycloheximide treatment ( Figure 3A) .
Treatment of the cells with a specific RNA polymerase II inhibitor α-amanitin also revealed big differences between the normal and destabilized GFP proteins ( Figure 3B ). In this case, fluorescence decline was much slower than with the protein synthesis inhibitor cycloheximide, possibly due to a slow cellular uptake of α-amanitin (21) . To verify that delayed response to α-amanitin was due to the poor uptake and not due to a slow mRNA degradation, we treated the cells with another transcription inhibitor, DRB. Fluorescence of destabilized GFP decreased already after 3 h of treatment and continued to descend till the 10-h time point. In contrast, no decrease at all was registered in MZA-ODC cells expressing the stable GFP ( Figure 3B ).
Application of Destabilized GFP to Detect Transient Transcriptional Block Posed by DNA Damage
To further analyze the effect of transcriptional block on the expression of destabilized GFP, we induced DNA photo-adducts by UVC irradiation of the cells. These UV lesions mostly consist of cyclobutane pyrimidine dimers (CPD) with some contribution of 6-4 photoproducts (22, 23) . Both lesion types efficiently block transcription via RNA polymerase arrest and premature termination of RNA synthesis at the lesion sites (1,2) . We compared the fluorescence of normal and destabilized GFP over 6 h after the cell exposure to 254 nm UV light. The applied UV dose (140 J/m 2 ) is calculated to induce on average 2.4 CPD per thousand base pairs in chromosomal DNA (24, 25) . Under these irradiation conditions, 90% of the template strands of the GFP genes are expected to contain CPD. Despite such a vast (Figure 4 ). In the case of destabilized GFP, a very small (about 4%) decrease of fluorescence was already observed directly after irradiation (i.e., within the sample processing time of 15-20 min. Interestingly, full fluorescence recovery was achieved for both proteins by 6 h post-UV irradiation).
Finally, we used a range of UV doses to correlate the extent of fluorescence loss measured 2.5 h after the damage induction with the extent of damage within the transcribed region of the destabilized GFP gene. The results show that the residual GFP fluorescence is negatively correlated with the calculated probability for the transcribed DNA strand of the GFP gene (1870 bases) to contain a transcription-blocking UV-photoadduct (Figure 4) . Similar dose-responses were observed under the conditions of transient transfection, although the initial GFP fluorescence was highly variable in function of transfection efficiencies (data not shown). We therefore conclude that destabilized GFP provides a useful tool to detect short-lasting transcription perturbations and transient transcription arrests with sufficient sensitivity.
DISCUSSION
It is often useful to monitor changes in gene expression in the living cells. The commonly utilized fluorescent proteins such as GFP can serve as reliable reporters in gene induction studies. However, due to the slow degradation rates, their application to detect cessation and resumption of transcription is limited to long-lasting effects. Rapid declines in gene transcription can be of interest when they occur in response to physiological regulatory signals (reviewed in Reference 26) or are caused by genotoxic substances and environmental agents that generate bulky adducts in DNA. These DNA lesions can physically block progression of the RNA polymerases (1, 2) . Such transcription halt has at least double biological significance. First, it appears responsible for the cytotoxic effects of the bulky DNA lesions (including the checkpoint activation and induction of apoptosis) (27, 28) . Second, it signals for the active removal of the DNA lesions in a specially evolved transcription-coupled repair pathway (5, 6, 29) .
The double-destabilized GFP constructed and used in this study has a markedly improved performance as a gene expression reporter, compared with a canonical fluorescent protein. This allowed us to detect a short-lasting block of transcription upon the irradiation of cells with UVC, although, due to the small gene size, we had to use high-UV doses to produce sufficient density of lesions. To minimize the damage of non-DNA cellular components, we used a single-band 254-nm UV source. Still, we cannot exclude that such damage was generated to some extent and might have interfered with protein synthesis, folding, stability, and fluorofore structure. However, no substantial bleaching or degradation of stable GFP were detected under the same experimental conditions. Furthermore, we did not only observe the GFP fluorescence decrease early following the damage induction, but also its subsequent recovery to the initial level. Remarkably, recovery of the GFP fluorescence occurred in the similar timescale as transcription resumption measured in various cells in course of DNA repair (30) (31) (32) . Taken together with the dose-response studies ( Figure  4B ), these findings indicate that the observed changes in the destabilized GFP fluorescence closely correlated with DNA damage generation and repair.
We conclude that the used doubledestabilized reporter can offer several advantages over traditional approaches for measurement of transcriptional activity such as incorporation of labeled uridine. First, it can be used in gene-and promoter-specific applications. Second, gene expression can be easily analyzed in living cells. Third, the renowned benefits of fluorescent reporter proteins are combined with fast turnover, thus allowing the monitoring of gene expression in nearly real-time. This advantage of our double-destabilized reporter is most evident in comparison with a canonical stable GFP. It has to be kept in mind, however, that alterations in RNA and protein turnover can potentially lead to the fluorescence changes as well. 
